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High-temperature phase transitions in SrZrO;
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The high-temperature phase transitions of SiZn@ve been studied using powder neutron diffraction and
the Rietveld method. The material is tetragordl/ihcm) between~1020 and 1360 K. At higher temperatures
(>1360 K) the structure was found to be the ideal cubic perovslﬂmfm). From the neutron-diffraction
data and the space-group assignments, the transition from the tetragonal to cubic phase is consistent with a
continuous phase transition. The angle of tilt of the oxygen octahedron in the tetragonal phase is taken to be the
order parameter and its temperature variation is typical of a tricritical phase transition.
[S0163-182609)05805-1

INTRODUCTION ture using powder neutron diffraction and the Rietveld
method for data analysis.
A number ofABOs;-type oxides that adopt the orthorhom-
bic GdFeQ-type structure under ambient conditions undergo EXPERIMENTAL
structural transitions to the archetypal cubic perovskite
structure at elevated temperatuteOne of the best-
studied examples is SrZgOwhich is reported to undergo at

least thre_ze phase transm_ons as  folldws: length 1.5005 A, in 0.05° steps over the range <2%¥
OrthorhombicPnmg — orthorhombicCmem —tetragonal 1350 o the powder diffractometer on HB4 at the High
(14/mem) —cubic(Pm3m) at 970 K, 1100 K, and 1440 K, Flux Isotope Reactor at Oak Ridge National Laborafdry.
respectively. The sample was compacted into a cylinder and placed in a
The degree of distortion of these perovskites may be dethin-walled 9-mm-diameter vanadium can. The sample as-
scribed by tilting of theBOg octahedra, and even where a sembly was housed in an ILL-type vacuum furnace under a
structural transition is not observed the tilt angle decreases &§namic vacuum of around I0torr. The data were col-
the temperature increases. A number of workers have usgcted first at room temperature and then at successively
such changes to infer the presence of thermally inducegligher temperatures. The structural refinements were under-
phase transition. taken using the Rietveld programpm operating on a P&
Despite the importance of many perovskite-type oxidesthe background was defined by a third-order polynomial in
under nonambient conditions, for example Mg$#3 it oc- 29 and was refined simultaneously with the other profile pa-
curs in the earth’s mantle, or CaTj@hich is a key compo- rameters. A Voigt function was chosen to generate the line
nent of Synroc used to immobilize nuclear wasStenly a  shape of the neutron-diffraction peaks where the width of the
limited number of accurate high-temperature structural studeaussian component was varied according to full width at
ies on perovskites have been reporftetf.Consequently itis  nalf maximum, (FWHM§=U tar? #+Vtan6+W to de-
not yet possible to identify any systematics in the thermakcribe instrumental and strain broadening and that of the
behavior of the GdFegtype perovskites. Lorentzian component agsed to model broadening due to
Recently Howard and StokEsused group-theoretical particle size. The @region near 38° affected by a peak from

analysis to describe the relationship between the varioughe furnace heating element was excluded from the refine-
structures derived from the aristotype cubic perovskite by thenents.

tilting of rigid octahedral units. This analysis suggested pos-
sible pathways by which the phase transitions could occur. RESULTS AND DISCUSSION
The analysis showed that the transitions fréhm3m to

[4/mcm and then toCmcmcould be continuous however,

Powder samples of SrZglwere obtained from Aldrich
chemicals and used as received. The neutron powder-
diffraction patterns were recorded using neutrons of wave-

Thermal behavior

there is no continuous path for the transition fr&@mcmto Examination of the powder neutron diffraction data
Pnma confirmed the following sequence of phase transi-
We therefore sought to confirm the pathway for the con-ions: orthorhombic Pnma& — orthorhombic Cmcm)

version of SrZrQ from orthorhombic (Pnma to cubic  _ tetragonal (4/mcm)— cubic (Pm3m), where the tetrag-
(Pm3m) and to better characterize the tetragonal-to-cubimnal (I4/mcm) phase exists over a reasonably wide tem-
transformation. The present paper reports new data on thgerature range from about 1023 to 1353 K. The temperature
evolution of the crystal structure of SrZg@t high tempera- variations of the cell parameters and volume are shown in
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= FIG. 2. Part of the powder neutron-diffraction profiled (
§ 70 =1.5005 A) showing the temperature dependence of some of the
2 superlattice reflections associated with the titled octahedra. The
-*E’ shift of peaks to lower angle with increasing temperature is a result
= of lattice expansion. In each case the solid line is that calculated by
69+ the Rietveld refinement and small vertical markers show the posi-
tions of all the allowed Bragg reflections.

Mo "4l oo a0 0 0 a0 shows the presence of a second orthorhombic species near
(b) Temperature (K) 1000 K that is described in space groGmcm The Fefine-

FIG. 1. Temperature dependence (ef the normalized lattice ment was undertaken using idealized starting positions and
parameters for SrZrQ(b) the volume of the primitive cell for by careful and systematic variations of the various positional
SrzrQ;. The data were collected while heating the sample excepparameters satisfactory convergence was achieved. A critical
for the point at 1223 K that was collected during a cooling cycle. step in obtaining a stable refinement was to initially use con-

straints, for example to independently refine each of the Sr
Fig. 1. The identification of the appropriate symmetry in-and O positional parameters and to successively update these
volved a careful examination of the various, weak, superin each subsequent cycle. Attempts to simultaneously refine
structure peaks that are a result of tilting of the octahedraall the positional parameters in the early stages of the refine-
Figure 2 illustrates some of the weak reflections that arenent were unsuccessful. In fact, there are four equivalent
diagnostic of the different phases. solutions for the structure depending on the senses of the tilts
of the oxygen octahedron around that Zr atom chosen to be
Orthorhombic structure (Pnma) at the origin. We believe the initial problems with the refine-

] . i ment arose when the Sr atoms were displaced from their
Under ambient conditions SrZgOs reported to be isos-

: - ) ideal position towards one of these solutions while the O
tructural with the mineral perovskite and hasyaax \2a

) - : atoms were displaced in an opposite sense.
X 2a orthorhombic superstructufeFor consistency with In the final refinement we selected the origin to enable

other studies of GdFeglype perovskites the structure was direct comparison with the earlier study of Ahtee, Glazer,
refined in the alternate settin@bnmgiving the following  and Hewaf All the positional parameters and anisotropic
atom positions: Sr @ (0.0040, 0.5242, 1}4Zr 4a (0,0,0  atomic displacement parameters, together with the various
O(1) 4c (—0.0687,-0.0133, 1/4, and G2) 8d (0.2154,  packground and profile parameters were simultaneously var-
0.2837, 0.036B and a=5.7963 b=5.8171,¢c=8.2048 A.  jed. The results are listed in Table I. These results are in
The structure is essentially as described by Aleteal.® the  excellent agreement with the previous work and show that
present refinement affording slightly higher precision than inthe zrQy octahedron is axially elongated with the twg2p
that earlier study. atoms being=0.02 A further from the Zr than the other four
O atoms.
Orthorhombic structure (Cmcm)

While there is no obvious hierarchical reason why perovs- Tetragonal structure (14/mcm)
kites with Pnmasymmetry should proceed via an intermedi-  Part of the powder neutron pattern of SrZz@ 1273 K is
ate orthorhombic phase in their transformation to a tetragoHlustrated in Fig. 2. It is clear from the pattern that a number
nal phase, analysis of the powder neutron-diffraction patternef superlattice lines associated with the tilted oxygen octahe-
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TABLE I. Structural and atomic displacement parameter$00 A2) for orthorhombic(Cmcm SrZr0; at
973 K.

a=8.2700(6) Ab=8.2732(6) Ac=8.2586(4) A

X y z Ui Uz Uss u;?
Sn(l) 0 —0.007127) 1/4 2.410 2.6(9) 1.4(6)
Sn(2) 0 0.489728) 1/4 2.29) 4.1(13 3.7(9)
Zr 1/4 1/4 0 1.31) 1.31) 1.31)
o(1) 0.269422) 0 0 388 125  7.710) 0.1(7)
0(2) 0 0.230025) 0.040515) 0.8(6) 7.012 2.505) 0.4(5)
0(3) 0.285814) 0.252414) 1/4 2.35) 5.3(10) 0.4(3) —-0.1(6)

8 or O(1) and 2) only U,; has a nonzero value and for® only U,, has a nonzero value.

dra are still present. Examination of the data showed splittingances increase so that at 1353 K the two distances are within
of the 12 type reflections indicative of tetragonal symmetry. the precision of the structural refinements, equal 2.077 vs
As previously described by Ahtee and co-workédgmcm  2.0793) A. We note that at the same time the Z(2pZr
was found to be the appropriate space group, this also beirigond angle approaches 180 degrékable 1l). These results
found in SrRuQ at 823 K!**2and in SrTiQ below 110 K*  clearly demonstrate that the tilting of the Zy®ctahedron
In this structure the Sr occupies thé 4ite at(0, 1/2, 1/3 can induce a slight distortion, in the absence of any unusual
and the Zr a 4 site at(0,0,0. There are two types of oxygen electronic effects associated with the Zr.
atoms, @1) at a 4a site at(0, 0, 1/4 and Q2) on a 8h site A second feature of the structural refinements is the large
at (1/4+u, 3/4+u, 0). Refinement demonstrated this model anisotropy in the atomic displacement parameters of the O
to be appropriate, with appreciably better agreement betweesmions. These can be understood in terms of the vibration
the observed and calculated profiles being obtained wheperpendicular to the Zr-O bonds being favored over bond
anisotropic thermal parameters were employed. The final recompression. There is no evidence in these vibrations for a
fined parameters and measures of fit are given in Table Il. soft mode anomaly near th@mcmto | 4/mcm transforma-

At 1023 K the ZrQ octahedron is best described as tet-tion.
ragonally compressed with the axial Zf4) bonds being Having obtained the cubic phase the sample was cooled
about 0.02 A shorter than the basal Z(Dbonds 2.070 vs again to 1223 K. As evident from Table Il and Fig. 1 the
2.0893) A. As the temperature is increased the in-plane Zr-cubic-tetragonal transition appears to be fully reversible, in
0O(2) bond distances decrease while the axial Z1)Qdis-  keeping with its proposed continuous nature.

TABLE II. Structural and atomic displacement parametetd00 A%) (ADP’s) in tetragonal SrZrQ I4/mcm  The symmetry imposed

constraints on the ADP for Sr, Zr, andD areU,,=U,, andU,,=U 3= U,3=0. For Q2) they areU,;=U,, andU ;3= U,3=0.

T (K) 1023 1073 1123 1173 1223 1273 1323 1338 1353
a(A) 5.84563) 5.84983) 5.85063) 5.85692) 5.85774) 5.86173) 5.866%3) 5.86764)  5.86973)
c(A) 8.28085) 8.28656) 8.29655) 8.30113) 8.30247) 8.30425) 8.30626) 8.30539)  8.30847)
V (A3 282.963) 283.473) 283.993) 284.462) 284.874) 285.323) 285.8G3) 285.984) 286.133)
St Uy 3202 3.72) 3.52) 3.4(1) 3.53) 4.02) 3.93) 4.8(4) 4.1(4)
Uss 233 2.2(4) 3.33) 3.42) 3.7(5) 3.0(4) 3.7(6) 2.57) 3.58)
Zr U, 212 1.92) 1.51) 1.4(1) 1.7(2) 1.92) 1.83) 1.83) 2.03)
Uss —0.13) 0.1(3) 1.2(3) 1.1(2) 1.0(4) 0.7(4) 1.0(5) 1.36) 1.07)
ol Uy 7405 8.5(6) 7.44) 7.93) 9.08) 9.6(7) 9.71.0 10.01.3  10.91.3
Uss  1.1(4) 0.7(4) 1.33) 0.6(2) 1.1(5) 0.7(4) 0.9(5) 0.2(6) 0.1(7)
02 u 0.03646) 0.03346) 0.03235 0.03004) 0.02789) 0.02527) 0.02148) 0.01699)  0.01519)
U, 2202 2.72) 3.001) 3.2(1) 3.73) 3.72) 4.1(3) 4.3(4) 4.3(5)
Uss  6.7(5) 6.3(5) 6.7(4) 6.93) 6.6(6) 6.5(5) 7.1(7) 7.51.0) 7.51.)
U, 1202 1.52) 1.92) 2.0(1) 2.73) 2.4(3) 2.7(4) 2.7(5) 2.85)
¢ () 8.33 7.64 7.39 6.87 6.36 5.77 4.90 3.87 3.45
zr-o(1) A) 20703  2.071 2.074 2.075 2.076 2.076 2.077 2.077 2.077
zr-o2) (A) 2.0891)  2.086 2.086 2.085 2.084 2.083 2.082 2.080 2.079
Zr-0(1)-Zr 163.44 164.77 165.29 166.33 167.19 168.50 170.20 171.59 173.10
Reragg (%) 3.79 2.46 1.93 2.26 3.56 3.37 2.16 3.10 3.06
Re (%) 8.81 8.67 8.31 6.03 11.79 8.57 8.52 9.76 8.67
Rup (%) 10.62 10.57 10.13 7.48 14.73 10.40 10.44 11.84 10.72
¥ 1.06 1.05 0.97 1.01 1.03 1.03 1.03 1.03 1.12
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Cubic structure (P mgm)

The diffraction patterns collected at or above 1373 K do 8
not show evidence of any superlattice reflections, Fig. 2, and
consequently the structure was refined in the cubic space

group Pm3m where the Zr occupies thealsites at(0,0,0,
Sr 1b sites at(1/2, 1/2, 1/2 and the O the 8 sites at(1/2, 0,
0). It was observed during the refinements that considerably
better agreement between the observed and calculated pa
terns was obtained when anisotropic rather than isotropic
thermal parameters were included in the refinements. The 21
oxygen atoms have their largest displacement amplitudes
perpendicular to the linear Zr-O-Zr groups. This corresponds 0 X u
to the direction of the tilt observed in thd/mcmstructure, 1000 ' 1200 ' 1400
and as expected for a soft-mode transition to the tetragona
phase the magnitude of this displacement decreases slightl,
on heating from 1373 to 1423 K. The smaller displacement
along the Zr-O bonds increases slightly as the temperature jfﬁt
raised over a similar range. The Zy®@ctahedron is now
regular with a Zr-O bond distance of 2.077 A.

¢ (degrees)

Temperature (K)

FIG. 3. Temperature dependence of the rotational apglEhe
ed line is given by p=A(T,—T)¥ with A=1.9 and T,
=1360K.

and limited measurements on recooling the sample show no
hysteresis. In the single tilt tetragonal phase the angle of
We have confirmed the presence of an intermediate orthaotation of the oxygen octahedrofp=tan 14u} can be
rhombic phasdspace grougCmcn) in SrZrQ,. This phase taken as the order parameter. The tilt angle decreases steadily
has am°b* ¢~ tilt system(using Glazer’s notatiorf) and is  as the temperature approaches the phase trangfign3),
necessarily obtained by first-order transition from the ambithe variation with temperature being well described py
ent temperatur@bnmstructure @*b~b~). The reason this o (T,—T)¥* whereT, is the transition temperature. Such
transition must be first order is, that it involves an abruptvariation is typical of tricritical phase transitioffsand is an
change from a structure with tilts around one tetrad and onéndication that the coefficient of the fourth power of the or-
diad axis @"b~b~) of the oxygen octahedron to one with der parameter in the expression for the Gibbs free energy is
tilts around two tetrad axemtb*c~). Howard and Stokéd  negligibly small. This might be a common occurrence for the
in their Fig. 1 indicate that a continuous transition from tetragonal-to-cubic transition in perovskites We noted
Cmcmto P2, /m(a*b~c™) is possible, however, we find no above that the octahedra are not rigid, there being a 0.9%
evidence in our diffraction studies to suggest any lower symdifference in the bond lengths at 1023 K, and the influence of
metry (thanPnma for the ambient temperature structure.  their distortion is comparable to that of the octahedral tilting,
The transitions fromCmcmto 14/mcm(a®a°c™) and (1—c0s8.2%=1.0%). In these circumstances the derivation
from 14/mcm to mem(aoaoaO) are both allowed to be o©f the order parameter from the changes in the tetragonal
continuous in Landau thedly and we observe a smooth distortion in the lattice would be quite inappropriate.
variation in the cell volumes through these transitions, Fig.
1(b). The first of these transitions has not been studied in
great detail in this work, but evidence suggests it is continu-

ous. . Support from the Access to Major Facilities Program to

The high-temperature transition frord/mcmto Pm3m  carry out the work is gratefully acknowledged. Oak Ridge
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Phase transitions
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